Cultured colonic epithelial cells and fibroblasts were used to examine the interaction between these cell types during intestinal secretion. Secretory responses of T84 colonic epithelial cells, measured as changes in the short-circuit current in modified Ussing chambers to bradykininl, serotonin, hydrogen peroxide, and histamine, were enhanced in the presence of fibroblasts, either in cocultures or when separate cultures of fibroblasts were acutely juxtaposed with the T84 cultures. This effect was abolished by pretreatment with indomethacin and the fibroblasts were found to release prostaglandin E2 in response to these inflammatory mediators. Fibroblasts may exert a paracrine regulation on the secretory response of intestinal epithelial cells via the generation and release ofcyclooxygenase products in response to inflammatory mediators. These studies suggest a novel function for the intestinal fibroblastic sheath: that ofamplification ofthe inflammatory response through mesenchymal/epithelial interaction. (J. Clin. Invest. 1992. 
Introduction
Just beneath the intestinal epithelial cells, separated from them by the basal lamina, lies a continuous sheath offibroblasts that forms part ofthe connective tissue infrastructure ofthe lamina propria (1, 2) . This fibroblast layer is known to synthesize some components of the extracellular matrix that influence the differentiation ofthe epithelial cells (3) (4) (5) . The subepithelial fibroblastic network consists ofmyofibroblasts with contractile capability and is thought to contribute to mucosal repair and reepithelialization by decreasing the villus surface area after an injury (6, 7) . More recently, intestinal fibroblasts have been found to have a paracrine function (8) , the synthesis and release of insulin-like growth factors which influence the growth and differentiation of a number of other cell types.
Fibroblasts from nonintestinal sites synthesize and release prostaglandins in response to bradykinin (BK'; 9, 10) and other inflammatory mediators (1 1, 12) . Prostaglandins are known to stimulate CQ-secretion by intestinal epithelial cells (13, 14) . The intimate spatial relationship between the fibroblasts and the intestinal epithelial cells and the ability of fibroblasts to synthesize and secrete compounds capable of stimulating epithelial C1-secretion suggest the possibility that the subepithelial fibroblasts may contribute to the regulation of intestinal epithelial electrolyte transport through the paracrine release of mediators in response to neurohumoral or inflammatory agents.
Methods
Cultured cell lines. Cultured cell models were used to test this hypothesis because it is impossible to separate the native epithelial cells from the subepithelial fibroblasts and still maintain a functional epithelial sheet with which vectorial electrolyte transport can be measured. The cultured cells provide a model system in which pure populations ofthe desired cell types can be maintained in a viable state for extended periods under completely controlled conditions. T84 cells are a human colonic carcinoma cell line which has been shown to form monolayers ofmorphologically normal epithelial cells which respond to a variety of agonists with electrogenic Cl-secretion (13, 14) . Two types of fibroblasts were studied: P2JF, a fibroblast line derived in our laboratory from porcine small intestinal mucosa (15) ; and BG9, a commercially available fibroblast line derived from human foreskin (Lineberger Cancer Research Center, University ofNorth Carolina at Chapel Hill).
The porcine fibroblasts were isolated for primary culture from the small intestines of unsuckled, mixed-breed piglets < 12 h old (15) . Jejunum and ileum were removed and rinsed with warm phosphatebuffered saline (PBS), clamped off, and filled to distension with citrate buffer containing (mM): Na 107, Cl 80, citrate 27, K 21.6, H2P04 5.6, and HPO4 8, pH 7.2. After a 10-min incubation at 37°C, the citrate buffer was drained from the segments and replaced with PBS containing 1.5 mM EDTA and 2 mM glucose. The segments were incubated for 10 min and the PBS-EDTA buffer was replaced with fresh buffer. After a final 15-25-min incubation the buffer and loosened epithelial cells and subepithelial fibroblasts were collected. The cells were pelleted and gently resuspended in growth medium: Dulbecco's modified Eagle's medium (DME)/F12 with 5% fetal bovine serum (FBS), insulin (5 mg/liter), transferrin (5 mg/liter), selenium (5 ,ug/liter) (ITS Premix, Collaborative Research Inc., Waltham, MA) epidermal growth factor (5 gg/liter, Collaborative Research Inc.), penicillin (10,000 U/liter), and streptomycin (10 mg/liter). The cells were plated in 100-mm tissue culture plates (Coming Glass, Inc., Coming, NY) at a seeding density of 10' cells per plate. Media was replaced every 3-4 d. After 2-4 wk fibroblasts were removed from the plates by using trypsin (0.1%) with no EDTA for 10-15 min. These fibroblasts were replated and cultured separately from the epithelial cells.
Culture conditions. In preparation for the experiments, the cells were grown on polycarbonate filters which had been coated with denatured rat-tail collagen and glued to plastic rings forming wells (14) . These cultures were incubated 7-10 d in DME/F12 culture medium (Gibco Laboratories, Grand Island, NY) containing 5% fetal bovine serum (Gibco or HyClone Laboratories, Inc., Logan, UT), at 37°C with 5% C02/95% air. The filters provided mobile, permeable supports which allowed the cultured cells to be mounted in modified Ussing chambers and studied in a manner similar to traditional epithelial/mucosal preparations. The T84 cells and fibroblasts were grown separately, or together as a layered coculture. When cocultured, the fibroblasts were plated as the layer closest to the filter and electron microscopy suggests that they remained in this position (Fig. 1) . Overgrowth ofthe cocultures by the fibroblasts was not observed during the 7-10-d culture period. The epithelial cells appeared to establish and maintain a confluent monolayer over the fibroblasts. Fibroblasts were, however, observed colonizing the basal side ofthe filter in cocultures maintained for > 3 wk.
Electrical experiments. The Cl-secretory responses ofthe T84 cells to selected inflammatory mediators were measured in modified Ussing chambers ( 14) by monitoring the spontaneous transepithelial electrical potential difference (PD) and the short-circuit current (Isc) obtained when the PD is clamped at zero with automatic voltage clamps (DVC-1000, World Precision Instruments, Inc., New Haven, CT). The concentrations of the mediators used were derived from the literature and from preliminary dose-response studies. The mediators selected for use included: serotonin (5HT, 10-5 M), BK (10-6 M), platelet-activating factor (PAF, 10-5 M), hydrogen peroxide (H202, 10-3 M), histamine (HIST, i0-M), adenosine (ADEN, l0-5 M), leukotriene C4 and D4 (LTC4 and LTD4, 10-6 M), prostaglandin E2 (PGE2, 10-' M and 10-6 M); all from Sigma Chemical Co., St. Louis, MO; and interleukin 1 (IL-1, 8 U/ml, recombinant IL-la, Boerhinger Mannheim Biochemicals, Indianapolis, IN; endotoxin contamination < 0.0001%). All ofthe mediators were added to the basolateral bathing solution. The cultures were bathed on both sides with 370C, oxygenated Ringer solution containing 10 mM glucose. It has been previously determined that the Isc response is equivalent to the Cl-secretion by the T84 cells (13) .
The effects of fibroblasts on the electrical response of the epithelial cells to secretory agonists were determined by using techniques identical to those described above except that either cocultures of T84 cells and fibroblasts were used or monolayer cultures of P2JF fibroblasts, grown separately on collagen-coated filters, were placed into the Ussing chambers back-to-back with the T84 cultures. The fibroblasts and the additional filter and collagen layer did not contribute significantly to the transepithelial resistance. Ion transport response by the fibroblasts does not contribute to the transepithelial C1-secretion or Isc because Table I as AIsc (See Fig. 2 C for definition of AIsc). All of the inflammatory mediators selected for study have been shown to stimulate C1-secretion by intact intestinal tissue ( 16-22). H202, 5HT, and IL-I have little or no direct effect on the T84 cells (Table I) . The responses to H202, BK, and 5HT were significantly increased when the T84 cells were cocultured with either the P2JF or BG9 fibroblasts. The ability ofthe two fibroblast lines to induce the enhanced secretory responses was qualitatively similar, with one exception: the P2JF cells but not the BG9 cells responded to 5HT. While this may reflect a species-or site-specific difference in the fibroblasts (4, 5), it might also be the result of a spontaneous mutation during culture. Such a difference cannot be established without study of additional fibroblast lines. These findings are compatible with two possibilities: (a) that the fibroblasts are reacting to the agonists in an acute, paracrine fashion releasing mediators which, in turn, stimulate the C1-secretion by the T84 cells, or (b) that the fibroblasts are releasing growth factors which act slowly during chronic exposure to increase the secretory capacity of the T84 cells. These hypotheses were explored by utilizing T84 cells and fibroblasts cultured separately, then acutelyjuxtaposed, sandwich-style, in the Ussing chambers. As shown in Fig. 3 and Table I , the time course, but not the magnitude, of the responses to these agonists were similar in the presence of the separately cultured fibroblasts. Under these conditions, the fibroblasts enhanced the Isc response to BK, H202, and 5HT to an'even greater extent than in the coculture system. The response to HIST was also increased in the acutely-juxtaposed system. The responses to IL-1 and LTD4, however, were unchanged and the responses to PAF, ADEN, and LTC4 were significantly diminished. The heterogeneity of the enhanced responses indicates that this effect could not be due to a chronic alteration in T84 transport capabilities, but was more likely a response to the specific release of soluble mediators from the fibroblasts.
Many of the inflammatory mediators studied here have been shown to stimulate the synthesis and/or release of prostaglandins in tissue or cultured cell preparations (9, 16, 19) . Pretreatment of the cultures with INDO (10-6 M) inhibited the fibroblast-mediated, enhanced responses without altering the direct responses of the T84 cells to the agonists (Figs. 2 and 3 , Table I ), suggesting that cyclooxygenase products were involved in the enhanced responses. PGE secretion by the intestinal fibroblasts was determined since it is a potent intestinal epithelial secretagogue (13, 14, 16) and is produced by other fibroblasts (9-12). As shown in Table II Although the maximal release of PGE by the fibroblasts in response to the inflammatory mediators resulted in a concentration of < 10-9 M in the chambers, the fibroblast-mediated Isc response by the T84 cells was greater than that produced by Table I ). It is likely, however, that the T84 cells were temporarily exposed to higher concentrations of PGE when actually secreted by stimulated, adjacent or juxtaposed fibroblasts. In the presence of juxtaposed fibro- 83±15 (12) 261±34 (66) 5HT ( blasts, but not in the cocultures, the AIsc response to exogenous PGE2 M, (4, 5) . While most of this work has examined the effects of chronic fibroblast-epithelial interaction, the data presented here indicate that fibroblasts may also modulate the acute inflammatory mediator-stimulated secretory responses of intestinal epithelial cells. In our model systems, the presence of fibroblasts (cocultured or acutely juxtaposed) significantly increased the Cl-secretory response ofthe T84 cells to BK, HIST, 5HT, and H202. The responses to some mediators, IL-1 and LTD4, were not altered, whereas with still others, PAF, LTC4, and ADEN, the response in the acutely juxtaposed system was significantly diminished. Thus, the modulation of the acute secretory response is mediator specific and does not require chronic interactions between the fibroblasts and epithelial cells and, in fact, does not even require direct contact.
The greater enhancement of the secretory response by the juxtaposed fibroblasts, as compared with cocultured fibroblasts, may be due to a greater number of fibroblasts in these cultures. The number of each type of cell in the coculture, however, was not measured. The inhibition of the fibroblastenhanced responses to the inflammatory mediators by indomethacin and the detection of PGE release from the fibroblast cultures in response to those agonists in a time frame similar to the Cl-secretory response of the T84 cells, provide strong evidence for cyclooxygenase products as mediators of this type of fibroblast-enhanced secretory response. In addition, noncyclooxygenase stimulatory products could be released from fibroblasts. This concept is supported by the INDO-insensitive enhancement of the AIsc response to exogenous PGE2 in the juxtaposed system. It is also possible that inhibitory, as well as stimulatory mediators are released by both the fibroblasts and the T84 cells under the different culture conditions. This might account for the diminished T84 responses (PAF, LTC4, ADEN) in the presence ofjuxtaposed fibroblasts.
The intestinal mucosa is too complex to examine the interactions of the various cell types within the intact tissue, whereas, the use of a cultured-cell model allows the study of specific cell-cell interrelationships. The structural role offibroblasts, their contribution to basal lamina formation and potential contractile activity, and the synthesis and secretion of growth factors are recognized functions of these cells. We conclude that another function should be added to the growing list of fibroblast activities: that ofthe paracrine regulation of intestinal epithelial electrolyte transport.
